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op Reliability and Optimisation 


Introduction 


1 At first sight reliability and optimisation may seem unlikely subjects to bracket together in 
the same chapter. Reliability is an attribute of a structure in the same way as weight and cost, 
although not as precisely measurable, while optimisation is a means of improving a particular 
attribute, for example minimising weight, at the expense of others but within acceptable 
constraints. However, as they both use analogous mathematical techniques and as they both are in 
the main analytical methods which can only be rigorously applied after an initial design of 
structure has been developed in some detail, it is convenient to discuss them together. 


Z In each case, before any objective analysis is undertaken, there are a number of practical 
aspects which should be considered during the design synthesis stage, which should lead to a 
more reliable and perhaps more optimum structure. Indeed, such considerations are important 
even if it is not intended to carry out any formal numerical refinements to the design. This chapter 
will, therefore, start with the mathematical techniques which are available. However, note that as 
these techniques are still under development and are not yet of general use to the designer, only a 
brief overview is presented but with reference for deeper reading. 


Practical Considerations for Reliability 


3 Probably the first and most important parameters to be defined are the expected life of the 
hull, the expected fraction of time at sea and the frequency during that life with which it will be 
possible to undertake structural surveys and repairs. For a merchant ship the life will be the 
subject of commercial calculation, that is the financial rate of return in relation to the capital cost 
and its depreciation. A more reliable hull will cost more but will last longer and can be paid for 
over a longer period out of revenue, as long as the trade for which the ship ts designed remains 
profitable. Beyond that point the hull will be sold downmarket or scrapped to realise its residual 
value. The frequency of survey is dictated by the classification society with which the vessel is 
Classed and in most cases has evolved over the years to be the best compromise between the cost 
of delaying a ship for survey and the risk of a defect becoming a hazard before it is discovered and 


repaired, 

4 For a warship, political and operational considerations will dictate the life of a hull as there 
are nO Commercial pressures. The tendency is, therefore, for the life of warship hulls to be 
considerably longer on average than merchant ships. Most navies are chronically short of hulls to 


217 


Scanned by CamScanner 


-™~ 


fulfil their operational commitments and this problem can only get Worse with the INCTeasing 
complexity and cost of modern warships. Whatever the original intention of the requirements 
laid down at the design stage of the ship, it is almost inevitable that a large Proportion of hulls to 
that design will need to be pressed into longer than expected service with ever Increasing cost of 
maintenance and risk of failure. It is therefore most important that the designer builds into the 
structure as many features as are possible within cost and other constraints which wil] allow the 
hull to continue in reliable service for as long as possible. 





5 The two most significant phenomena causing deterioration of a steel structure in service 
are corrosion and fatigue. Some further discussion of corrosion and similar environmental attack 
for other materials is included in Chapter 5, while fatigue is covered in some detail in Chapter 13 
In this chapter the practical aspects of design to minimise risk of loss of operational Capability due 
to these phenomena will be discussed. 


6 Corrosion will take place in a steel structure where it is inadequately protected against salt 
water (or other corrosive substances) either initially because protection was insufficient or 
incorrectly applied, or later because the protective coating has broken down and not been 
replaced. In either case the most likely reason is awkwardness of access which makes it difficult 
for the coating to be applied correctly in the first place and difficult for it to be surveyed and 
repaired. It is also made worse where the structure is such that salt water or condensation can lie 
without drainage, and where it may be hidden by decorative coverings. 


7 The structural designer should, therefore, design structure which is €asy to access for both 


especially important in tanks, bilges and similar double bottom structures that there is sufficien 
space for a man to get in and work with reasonable ease, and this requirement should be an 
overriding constraint on the design unless it is certain that the environment or material is such 
that deterioration cannot take place. It is equally important on a smaller scale that structural! 
details are simple, without notches or Sharp corners that are difficult to coat successfull) 
Additionally, notches are likely to constitute stress concentrations at which fatigue cracks can 
initiate. Regrettably, examples of notches abound in the majority of ship structures, for example 
holes with square corners from which cracks almost invariably grow. A right angle corner in a 
plane stress field is, after all, a singularity with theoretically infinite Stress, 


8 In relation to fatigue damage it is important to think about load paths when designing 
details. Fatigue will occur fastest where there is a high cyclic tensile Stress range. In most large 
welded structures there are enough residual constraint stresses 


, and in a ship the most 
are therefore cyclic, A ship is therefore one o! 
The only recourse the designer has is to keep 
» In practical terms, that means minimising the number and severit y of stress 
concentrations. If a load can be carried in-plane without having to be turned through an angle. 
then that is the best arrangement, for example a butt joint is better than a lap joint and a stiffener, 


deck or bulkhead should never be cranked without Sideways support at the point where the 
structure changes direction, for example at 


special cases and their designs should be analysed in detail to ensure that Stresses are acceptable 
as described elsewhere in this book. 
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oregoir 2 paragraphs assume that the structure in its ideal state is adequate to 
J expected operational loads for its agreed life. This itself is a question of probabilities 


am ndent on the accuracy of the strength calculations, the assumptions on material 
Most design is currently undertaken in a deterministic manner although some 
: may be calculated using probabilistic methods, in particular the design loads may 
some likelihood of exceedance in a given period of time as discussed in Chapter 3. 
se the uncertainties are intended to be covered in safety factors which may be explicit and 
s to the designer or implicit in the methods used. In any case it is essential that the designer 
} approach a problem blindly but that margins are clearly examined and are shown to be 
é ite to the requirement. Some mathematical procedures which can be of use in this area 
ussed below (paragraph 13 et seq). 


Ja 


Fo rastru sture to be reliable in service it is especially important that it is properly surveyed 
aintained. Whatever the cause of deterioration, be it poor design, poor preservation or 
sctedly severe usage, it is essential that any defects are discovered and repaired before they 


<< 


stitute a hazard. Survey frequency and extent must therefore be based on the expected rate 
tural deterioration and the reliability of repair procedures, and should also allow for 
inty i n the load, strength and other parameter assumed during design. Survey frequency 
also probably increase as a ship ages. All these considerations are discussed in more detail 


A : 


'U - 


Read . 
ee + 
ster 1 oe : 
re aoa ~ eae 
) ‘ 
Vis 
w 


Ji 


IF sh 
; ; 


a7 at, ° 

al Optimisation 

Unlik e reliability, the practical aspects of optimisation are not so readily presented. 

ematica optimisation requires the minimising or maximising of an ‘object function’ - 

ht, cos! , reliability, etc - within a space containing constraints on the majority of the other 
ters, a d analytical techniques are discussed later (paragraph 24 et seq). During the design 

| sis stage there will be insufficient data available for any form of numerical optimisation to 
: xe (exct pt insofar as local iterations are required to meet a specific design criterion), and 


d inless large gains are foreseen such calculations are rarely carried out even when the data 
sible. Additionally, it is unlikely that the constraints will be very precisely defined, for 


ae 


ple the designer is likely to have to prepare a ‘low cost’ design, not perhaps d minimum cost, 
i0t allowing weight to rise too high or sacrificing too much in reliability. It is difficult, if not 
ible, to put numerical values on such ‘fuzzy’ parameters, although the techniques of 
ni tica | manipulation of parameters which are defined using some form of weighting 
are being developed. In practice it seems to be usually the case that costs and weights are 
Sensitive to small changes in structural design assumptions, in other words minima or 
fare fairly flat, which relieves the designer of the need for precise optimisation. However, 
: lary is ‘that all the parameters have to be borne in mind simultaneously and the skill of = 
t lies in developing the most acceptable compromise solution without numerica 
€. For more details of practical optimisation techniques see Caldwell (1986). 
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art). ¢ ‘herwise, for the limit states in their simplest one dimensional form, safety can be defined 
ae ‘measure of the difference or the ratio between the load S which is applied to the structure and 
A .sistance R, in other words the safety margin M is equal to R-S or R/S. This is the simplest 
and traditional form of safety margin and is now known as the first level (of three) or first moment 
ats ‘because if the load and resistance are considered as stochastic variables only the mean 

¢ moment) values are used. As long as M is greater than some value derived from experience 


(firs fia: 
the structure 1s deemed to be safe, and the margin is then intended to cover the scatter in the 

distributions of R and S. 
In terms of chronological sequence and third level or full probabilistic approach was the 


1Oiee ee 
next to be investigated as described by Faulkner and Sadden (1979). That defines failure 
probability Pr 45 

1.1) i 

\ pp { (FRG) flax 


where f, is the probability density function of the load and F, is the distribution function of the 
strength in one dimensional space x. However, if it is considered that both the strength and the 
load include a number of components each with their own statistical distribution, that some of the 
components are dependent on others and that with a number of possible modes of failure the true 
failure space 1S multi-dimensional, the complexity of the solution to equation 11.1 will be 
appreciated. Further details for deriving ps by third level methods may be found in Madsen et al 
(1986) where it is shown how such methods may be used - with considerable labour - to calibrate 
safety margins for less sophisticated techniques. Nevertheless, it is still possible to define a safety 
index & which is analogous to the margin M and is a measure of the distance from the failure 
surface in multi- dimensional space (analogous also to the failure point for a single mode of 
failure) of a particular operational condition, as ‘Ilustrated for a two dimensional space in Figure 
11.1. This shows the expected design point (E{Z;}, E{Z,}) on the actual axes, known as Z space, 
‘n relation to a failure surface L, which 1s then mapped onto new and more convenient axes, X 
space, such that E{X,} =0, that is the design point is at the origin, and the failure surface is L.. For 
any point on the failure surface a safety index B(x) is the distance from th 
minimum safety index 8 is the distance from the so-cal 
minimising the distance betwe 
surface. In addition to the description of the method by 
included in the Report of ISSC Committee V.1 (1982). 





e origin, and the 
led design point x* which is found by 


en the origin and the approximate tangent plane to the failure 
Madsen et al (1986), further references are 


17. Inthe ideal situation where the failure surface is defined in continuous algebraic terms the 


| safety index may be calculated, although this clearly gets complex as the number of dimensions 
(number of failure modes) increases. In the real 
discontinuous derivatives and may even itself be discontinuous, 
buckling mode in a grillage as load combinations vary, and wh 
numerically at a few discrete points, the problem of finding a meaning 
can be very difficult and can produce ambiguous results. 


appli “ a compromise which showed promise of possi 
‘PPlications the second level or second moment method was d 


221 


nn 


situation when the surface at best has 
for example a sudden change in 
en it can only be described 
ful value of safety index 


ble solution for real engineering 
eveloped, and originally presented 


Scanned by CamScanner 


aeists nice ard load 
5 and ci ombinations 
failure is directly 
“e en (1979) ) have 
th, es safe et | index for 
ie the range | to 
be treate dd 1 with some 
re ist 3 no evidence 

on: 


id 
"ailuy 
ALIL 


5 
J 


he i | 
sign iS ; the | ‘it is 5 never 
sy state, i a 1 other words 
lis not sp bified oreven 
ah nif this ea not be 
call ily-b de possible to 
ell defined 
ee ae load can be 
However, the ultimate 
ers for equ jation 11.2 


parameters some of 


ating the > probability 
) ee some 


ne 
: iscussed in 


d+ lee 
atl. ale 





Scanned by CamScanner 





Chapter 7. Even when suitable values for the distributions are available it will still be necessary to 
analyse a number of existing ships to obtain current values of 8 before a decision can be made on 
an acceptable value, 1n other words the method would still require calibration. 


However, even though reliability methods are not yet developed to a state in which they 
are usable by a ship structural designer, very considerable work has been undertaken especially in 
relation to system analysis and its extension to offshore structures, where a number of research 
investigations have been completed, see for example the papers published in the Marine 
Structural Reliability Symposium by SNAME (1987). It is possible to deduce qualitative 
conclusions from this work which are of some help in the current context. 





21 ‘(If the structure can be interpreted as a series system, for example a simple box beam or a 
simple truss, the overall system reliability is less than that of its most critical component if 
component failures are uncorrelated, and tend towards that of the most critical component if there 
js a strong correlation. Conversely, the reliability of parallel systems, for example multi-cellular 
box girders or trusses with many independent load paths, varies in an opposite manner, that is the 
overall reliability is better than the most critical component if there is no correlation and tends 
downwards as correlation increases. This type of response can be demonstrated using fault tree 
analysis for discrete components in clearly defined systems, but is difficult to apply to structures, 
where a fault tree can become rather convoluted. Nevertheless, the importance of structural 
redundancy is clear, especially if the strength of the parts of the structure are not strongly 
dependent on each other. More than one main strength deck, or a double bottom, are obvious 
examples where the reliability of the structure is increased well beyond the simple increase in 
static strength and, even for a structure with the same strength, multiple load paths will be more 


reliable than single paths. 


42 ~+-~For much simpler structures than the complete hull, attempts have been made to assess 

local reliability. For example, Hart et al (1986) have applied the second order method to the 

analysis of stiffened panels taking account of time variant loads. They have calculated values of 
mean and variance of local scantling dimensions and material properties from data available to 
Lloyd’s Register of Shipping, as well as the mean and variance of the load for the panels as if they 
were part of the deck or bottom of a tanker. The derived safety index lies between about 1.5 and 
4.5, depending on assumptions, which is consistent with the findings of Faulkner and Sadden 
(1979) reported above. However, the panels are treated in isolation from the remainder of the 


structure and no external interactions can be included so again the results must be treated with 
caution. 


23 Summarising, interesting developments on reliability analysis of marine structures are 
being published with some frequency, mainly relating to offshore structures where novel 
arrangements are more common, where the loads for a particular location are more easily defined, 
where the consequences of failure may be more unacceptable and where funds for complex and 
unconventional analytical work may be more readily available. So far there is little which is of 
direct use to the ship structural designer although many of the results of other analyses confirm 
the desirability of including structural features which are well known subjectively to improve 
teliability. When adequate data is available to support reliability theory for surface ship hull 
Structure it will still be necessary to calibrate 1t with existing successful designs before an 
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where n is the number of design variables (scantlings, layout etc). The constraints are also defined 
as 


(11.4a) hig (X41, +--+) Xp) Oy, «..-.5 O,,) = 0 
(11.4b) Biz (% 1, +--+) Xps G1, «-..., S,) = 0 


where hy A i pmealanes and compatibility (boundary conditions), g;; represents design 
jimitations, X; 3 esign variables and 6; are the behaviour variables (stresses etc). The 
problem then reduces to a search of an n dimensional space for a minimum (or maximum) value 


of F(x), which at the same time lies in the volume bounded by the constraint equations. Figure 
1.2 gives a two dimensional representation of the problem. 


28 If the object function and its constraints are linear, then it is called a linear programming 
problem and standard mathematical methods and computer programs are available, see for 
example Farkas (1984) for more details and references. Unfortunately, however, it is rare to find 
any of the equations to be linear and so non-linear programming methods are necessary. The 
general solution involves continuing cycles of analysis and redesign. An initial design point is 
selected (usually an acceptable design) and successive modifications are carried out to the object 
function within the n dimensional space until the optimum is arrived at. This process is called a 
search pattern and the major problem is formulating an optimisation method is development of an 
acceptable search pattern which finds a true global optimum (and not a local one), in reasonable 


time. 


X2 Acceptable Region 
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Figure 11.2 Representation of Optimisation 
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Figure 11.3 Illustration of SUMT Technique 


31. Asthe problem size increases the analysis part of the calculation becomes much more time 


consuming than the optimisation process and so the number of iterations must be kept to a 
minimum. In this context direct search methods have been developed aimed at requiring Te- 
analysis only after much effort has been expended in ensuring that it is worthwhile. The largest 
class of direct search methods is called the method of feasible directions when, in the step by step - 
approach, step length and direction are chosen so as to lie inside the acceptable domain. Few 
search algorithms are available but some are described by Zoutendijk (1960). This method lends 
itself particularly to use in conjunction with finite element methods of analysis, when the object 
functions and constraints may be defined in terms of the finite element structural parameters. 


32 There is an extensive library of search patterns available for both constrained and 
unconstrained problems. Basically all search patterns can be divided into two classes, those that 
require computation of first derivatives and those that do not. The first class is called the gradient 
technique and uses the first derivative of the object or modified object function to direct the 
search. The second class is called pattern search and directs the search according to the success of 
previous sets of moves. Gradient searches usually converge quicker but the computation of the 
derivative generally takes longer. 


33. ~ =A different class of search pattern altogether is the random search pattern which involves 
some sort of random sequence in the selection of design parameters. This approach is desirable 
within non-convex constraint surfaces (where continuous search patterns may have difficulty in 
finding a true optimum) but may involve many re-analyses to achieve an acceptable probability of 
optimisation and is in consequence a very inefficient method. 


34 A great disadvantage of most optimisation techniques is that they cannot handle discrete 
or discontinuous variables, for example discrete plate thicknesses and stiffener sizes. Methods do 
exist but are not sufficiently.well developed for more than the simplest of structural application, 
and examples are presented by Farkas (1984). However, the program MAESTRO due to Hughes 
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